Recent findings have implicated thalamic alpha oscillations in the phasic modulation of cortical activity. However, the precise relationship between thalamic alpha oscillations and neocortical activity remains unclear. Here we show in a large sample of healthy human participants (n ϭ 45) using spatial filtering techniques and measures of phase amplitude coupling that the amplitude of gamma-band activity in posterior medial parietal cortex is modulated by the phase of thalamic alpha oscillations during eyes-closed resting-state recordings. In addition, our findings show that gamma-band activity in visual cortex was not modulated by thalamic alpha oscillations but coupled to the phase of strong cortical alpha activity. To overcome the limitations of electromagnetic source localization we estimated conduction delays using transfer entropy and found nonspurious information transfer from thalamus to cortex. The present findings provide novel evidence for magneto-encephalography-measured phase coupling between cortical gamma-band activity and thalamic alpha oscillations, which highlight the role of phasic inhibition in the coordination of cortical activity.
Introduction
A growing body of evidence implicates rhythmic activity in the alpha band (8 -13 Hz) as a core feature of cortical communication (Jensen and Mazaheri, 2010) and cognition (VanRullen and Koch, 2003) . This is supported by evidence demonstrating that the phase of the alpha cycle modulates neural firing (Haegens et al., 2011) , perceptual detection rates (Varela et al., 1981; Dugué et al., 2011) , and cerebral blood flow (Scheeringa et al., 2011) , suggesting that alpha-band oscillations exert critical influence on the excitability level of neocortical networks as well as on the timing of neuronal responses (Klimesch et al., 2007; Jensen and Mazaheri, 2010) . One brain region that could be crucially involved in this process is the thalamus, a key structure involved in the generation of alpha oscillations (Andersen and Andersson, 1968; da Silva et al., 1973 , Lopes da Silva, 1980 Jahnsen and Llinás, 1984; Hughes and Crunelli, 2005; Bollimunta et al., 2011) . Recent data show that alpha-band rhythms generated in the thalamus are linked with the temporal coordination of spiking activity in thalamo-cortical (TC) circuits (Lorincz et al., 2009; Vijayan and Kopell, 2012) , providing important support for the inhibition-timing hypothesis of alpha oscillations (Klimesch et al., 2007; Jensen and Mazaheri, 2010) .
Moreover there is emerging evidence that information transfer from thalamic nuclei, such as the pulvinar or the lateral geniculate nucleus (LGN), to cortex is mediated via TC synchronization in the alpha band (Lorincz et al., 2009; Saalmann et al., 2012) , raising the possibility that coherent TC alpha oscillations may contribute to the modulation of cortical gamma-band activity. However, evidence for this relationship is so far lacking.
To investigate this question, we recorded resting-state activity in a large sample (N ϭ 45) of healthy participants with magnetoencephalography (MEG). We focused on interactions between alpha (8 -13 Hz) and broadband gamma (30 -70 Hz) activity as previous work indicates that broadband activity in the gamma frequency range reflects active neuronal processing such as neuronal spiking activity (Rasch et al., 2008; Manning et al., 2009; Whittingstall and Logothetis, 2009; Miller, 2010; Buzsáki et al., 2012) and is modulated by the phase of task related and spontaneous alpha oscillations (Chorlian et al., 2006; Osipova et al., 2008; Cohen et al., 2009; Voytek et al., 2010; Foster and Parvizi, 2012; Saalmann et al., 2012; Spaak et al., 2012; Yanagisawa et al., 2012) . Using a whole brain analysis as well as a seed region-based analysis of phase-amplitude coupling (PAC) at source level, we examined the modulation of neocortical gamma-band activity by the phase of cortical and thalamic alpha oscillations. Finally, we tested the physiological validity of our findings using transfer entropy (TE) and addressed the potential contribution of spatial source leakage using a reversed-seed region analysis to control for spurious TC interactions.
Materials and Methods
MEG data acquisition and preprocessing. Four minutes of eyes-closed spontaneous MEG activity were recorded (sampling rate: 1.2 kHz, lowpass filter: 600 Hz) using a whole-head MEG system with 275 axial gradiometers (Omega 2005; VSM MedTech) from n ϭ 45 healthy adult participants, which were aged between 18 and 27 years old (mean age: 20.5 years; SD: 2; 24 females). The study was approved by the ethics committee of the Goethe University Frankfurt, and written informed consent was obtained from participants before the recording. The vertical and horizontal electro-oculograms were recorded to monitor eye movements for artifacts. Partial artifact rejection was performed by rejecting segments of the trials containing eye-blinks, muscle, and SQUID artifacts using an automatic artifact rejection algorithm as described by Oostenveld et al. (2011) . On average, 163 Ϯ 53 s of artifact-free data underwent subsequent analysis. In addition, independent component analysis (Bell and Sejnowski, 1995) was used to remove cardiac activity as well as residual eye movements.
Structural magnetic resonance imaging data acquisition. Structural magnetic resonance images (MRIs) were obtained with a 3 T Siemens Allegra scanner device (Siemens) using the standard CP birdcage headcoil and a T1 sequence. Eleven participants met an exclusion criterion for MRI scans and were not included for source analyses.
Data analysis
Source localization. A linearly constrained minimum variance beamformer algorithm (Sekihara et al., 2004 ) was used to generate maps of source activity in a spatial grid of 4590 points with a resolution of 1 cm. Coregistration with Montreal Neurological Institute (MNI) coordinates was based on three fiducial coils placed on the nasion and the left and right pre-auricular ridges. The forward solution for each participant was estimated from individual head models using a common dipole grid in MNI space, which was warped onto the anatomy of each participant and a realistic single-shell volume conductor model (Nolte, 2003) . Virtual electrodes were estimated for each grid location by calculating the beamformer weights from the sensor covariance matrix and multiplying the bandpass filtered sensor signals with the beamformer weights.
Spectral analysis. Spectral power was estimated for MEG signals at sensor level at frequencies between 1 and 100 Hz, using multitaper spectral analysis (Percival and Walden, 1998) . The spectrogram for MEG sensor signals was computed from windows of 10 s, which were displaced in time at 1 s steps and a spectral concentration of 1.5 Hz per frequency bin using 29 Slepian tapers.
Cross-frequency coupling
Alpha-gamma PAC. PAC was estimated following previously described approaches (Sauseng et al., 2009; Miller et al., 2010) . In brief, a phase time series (t) is estimated for every sample of an MEG sensor or source time series x(t) using Morlet wavelets (Tallon-Baudry and Bertrand, 1999) and (t) is sorted into values ranging from -to (rad). We estimated (t) for frequencies ranging from 1 to 15 Hz to be able to detect possible PAC effects occurring between gamma-band amplitude and slower rhythms. The amplitude of gamma-band activity ␥(t) was obtained by first bandpass filtering x(t) between 30 and 70 Hz using a fourth order Butterworth filter. Next we applied the Hilbert transform to x(t) to obtain a complex time series h(t), and ␥(t) was estimated from the absolute value of h(t). Finally, ␥(t) was log transformed before the z-score was computed by demeaning and dividing ␥(t) by the SD. To prevent artifacts arising from aliasing, the cutoff for the upper limit of frequencies at which (t) was estimated was set to 15 Hz, so that the upper frequency limit used to estimate (t) and the lower frequency bound used for the estimation of ␥(t) were separated by a factor of two. Finally, the samples of ␥(t) were aligned in time with the samples of the sorted phase time series (t) and averaged over 51 equally wide phase bins. This resulted in a phase-amplitude distribution for every frequency between 1 and 15 Hz.
Modulation index. To map the alpha-gamma PAC in source space we computed the Modulation Index (MI) from alpha-gamma phaseamplitude distributions computed from virtual channel activity. The MI is an adaptation of the Kullback-Leibler divergence (Kullback and Leibler, 1951) and measures the distance of an empirical amplitude distribution over phase bins from the uniform distribution. The assumption underlying this metric is that MI values reflect the degree of PAC between two frequency bands. Therefore, grid points with high MI values reflect a higher degree of PAC as compared with grid points with lower MI values (see Tort et al., 2010 for more details).
TC information transfer
TC alpha-gamma PAC. Similarly, TC alpha-gamma coupling was estimated by computing phase time series at alpha frequencies (8 -13 Hz) using spatial filters located in the left (x ϭ Ϫ10, y ϭ Ϫ20, z ϭ 10) and right (x ϭ 10, y ϭ Ϫ20, z ϭ 10) thalamus. Our approach is thus similar to the methodology used by previous MEG studies, which have successfully measured TC synchronization with a sensitivity of 2 cm around thalamic regions (Tarkiainen et al., 2003; Lou et al., 2010) . MI values were then calculated from the histogram of gamma-band amplitude with respect to the thalamic alpha phase for each point within the grid.
TE. Spurious TC alpha-gamma coupling in MEG data can hypothetically arise from an interaction that is exclusively corticothalamic (CT) in nature or from volume conduction effects where cortical alpha oscillations are mistaken for thalamic sources. To rule out the first possibility, it is necessary to test for directed information transfer from thalamus to cortex, while a test for the presence of significant volume conduction effects is needed to control for the second scenario. TE analysis is sensitive to linear and nonlinear interactions such as cross-frequency couplings (Vicente et al., 2011) and allows the detection of volume conduction effects . Moreover, the interaction delay underlying the information transfer can be reconstructed using a delaysensitive TE estimator as shown recently by our group (Wibral et al., 2013) . Together, this allows us to test and rule out the possibilities of a purely CT coupling and volume conduction artifacts as the cause of the observed TC interaction. Furthermore, a comparison of the reconstructed interaction delays from thalamus to cortex in our data with values reported in the literature can be used to cross-validate our results in terms of physiological plausibility. In this study, delay-sensitive TE was computed as follows:
where X and Y are two discrete-time random processes with a state-space representation X, Y, and where u is the assumed interaction delay from X to Y. Here, I(Y t ; X t-u ͉ Y t-1 ) stands for the mutual information between the past state of the source process, X t-u , the current value of the target process, Y t , conditional on the past state of the target, Y t-1 . The true interaction delay ␦ is found by maximizing TE(X 3 Y, u) with respect to u:
State-space reconstruction parameters were optimized using Ragwitz' criterion to ensure optimal self prediction of the target process as requested by Wiener's principle (Ragwitz and Kantz, 2002) . The KraskovStögbauer-Grassberger (Kraskov et al., 2004) estimator was used in combination with nonparametric statistical testing against epochshuffled surrogate data as detailed in . Furthermore, TE was computed from thalamus to posterior medial parietal cortex with individual embedding parameters for each participant and connection.
TC phase synchronization. Phase synchronization between thalamus and cortex was measured by means of the phase locking value (PLV) (Lachaux et al., 1999) for phase time series obtained using Morlet wavelets for frequencies between 1 and 100 Hz.
Statistical analysis
Statistical significance at sensor level. At MEG sensor level, the statistical significance of the estimated PAC was assessed by randomly shifting the phase time series in time by at least 5001 points with respect to the time course of gamma-band amplitude for every MEG channel and frequency between 1 and 15 Hz. The mean average gamma-band amplitude was then recalculated as a function of phase for the shifted amplitude time series. This procedure was repeated 200 times to obtain the average shifted PAC. A nonparametric permutation-based Monte Carlo approach was used to estimate the significance of the empirical PAC between cortical rhythms in the 1-15 Hz range and gamma-band amplitude as compared with the average shifted data. In short, this approach consists in calculating dependent t values for each frequency and phase bin and every channel to measure the consistency of the difference between the empirical and shifted data across participants and comparing these t values to a distribution of t values calculated from randomly recomposed empirical and shifted datasets. A cluster-algorithm-based approach was then used to correct for multiple comparisons (Maris and Oostenveld, 2007) . The threshold for the clustering entry level and for statistical significance of the clusters was p Ͻ 0.01 (corrected).
Statistical significance of PAC at source level. To assess the statistical significance of alpha-gamma coupling at source level we compared empirical MI values to MI values estimated from shifted data using the same permutation-based Monte Carlo approach that was used to assess the statistical significance of alpha-gamma PAC at sensor level. At the source level dependent t values were calculated to contrast the MI values estimated from empirical data against MI values estimated from shifted data for each grid point in source space. These t values hence measure the consistency of the difference between empirical and shifted MI values across participants. The threshold for the clustering entry level and statistical significance of the clusters was p Ͻ 0.01 (corrected).
Statistical significance of TE. We used permutation testing (n ϭ 5*10 6 permutations) 
Results

Spectral estimates at sensor level
We observed a peak of spectral power at ϳ10 Hz in the grand average power spectrum as well as in the distribution of peak frequencies (Fig. 1a,b ). In addition, we found a negative correlation between spectral power in the 8 -13 Hz and 30 -70 Hz frequency ranges, which was significant in 36 of 45 (80%) participants (mean Pearson correlation coefficient Ϫ0.38; SD ϭ 0.24; p Ͻ 0.05; p Ͻ 0.0001; binomial test; two-sided; Fig. 1c,d) .
PAC at sensor level
Time-frequency representations of epochs, which were phase aligned with the occipital alpha rhythm, revealed a strong phasic entrainment of spectral power in the 30 -70 Hz frequency range (Fig.  2a) . This was confirmed by the topography of statistical t values, which revealed two peaks of significant PAC over left and right occipital channels (Fig. 2b) . In addition, phase-frequency representations of statistical t values revealed that the amplitude of 30 -70 Hz activity was significantly modulated by the phase of frequencies in the alpha range (8 -13 Hz) and that gamma-band activity was either in phase or anti-phase with the alpha cycle over left or right sensors, respectively (p Ͻ 0.01; t test; two-sided; corrected; Fig. 2c,d ). Cortical sources of alpha-gamma PAC Similarly to our results at sensor level, we observed two spatially separated clusters of MI values in the left and right occipital regions comprising Brodmann area 18 and the cuneus (Fig. 3a , Table 1 ). The peak of the histogram of mean gamma-band amplitude values over local alpha phase bins was shifted toward the descending phase of the alpha cycle (/2 rad) and there was a trend toward a positive correlation between the phase bins at which occipital gamma-band amplitudes were highest across both hemispheres (r ϭ 0.29; p ϭ 0.06; Fisher's correlation coefficient for circular data; Fig. 3b,c) .
Thalamic sources of alpha-gamma PAC Based on prior findings, which have highlighted the importance of thalamic oscillations for the phasic control of spiking activity in TC circuits (Lorincz et al., 2009; Vijayan and Kopell, 2012) , we estimated the phase of thalamic alpha activity from two virtual electrodes in the thalamus and examined the coupling of brain-wide gamma-band activity to the phase of the thalamic alpha rhythm. This approach revealed that TC alpha-gamma PAC was significant in posterior medial parietal areas, comprising the left and right precuneus as well as the right posterior cingulate area (p Ͻ 0.01; t test; two-sided; corrected; Fig. 4a ,b, Table 2 ). Moreover, the histogram of mean gammaband amplitude values was centered at the peak of the thalamic alpha phase (0 rad), and there was a positive and significant correlation between phase bins at which cortical gamma-band activity reached maxima in both hemispheres (r ϭ 0.36; p Ͻ 0.05; Fisher's correlation coefficient for circular data; Fig. 4c,d ). Furthermore, alpha power in the posterior medial parietal cortex was greatly reduced as compared with alpha power in the visual cortex (t (34) ϭ 7.98; p Ͻ 0.001; twosided t test).
TC information transfer
We observed that phase synchronization between the thalamus and the cortical regions, which showed significant coupling with the phase of thalamic alpha activity was particularly enhanced at alpha frequencies (Fig. 4e) . Furthermore, we estimated conduction latencies from thalamus to cortex using TE analysis and found nonspurious TC information transfer as well as physiologically realistic conduction delays (range: 12.5-19.8 ms; mean: 15.8 ms; SD: 2.4 ms; binomial test, p Ͻ 0.01; FDR corrected; Fig. 4f ). Accordingly, these findings suggest a directed information transfer from thalamic source locations to posterior medial parietal cortex as opposed to nonspecific source activity resulting from spatial leakage.
Cross-validation of thalamic source estimates and reversed-seed region analyses
The aim of the seed-region analysis was to detect a modulatory relationship between the phase of thalamic alpha oscillations and the amplitude of cortical gamma-band activity. However, because of the limited spatial resolution of MEG beamformers, the possibility that activity from other nonthalamic sources leaked to thalamic source positions could not be excluded. As our seedregion analysis only focused on the thalamus, our approach may have lead to a false detection of TC alpha-gamma coupling due to activity from nonthalamic sources. To examine whether potential alpha leakage from nonthalamic sources may have biased our results, we conducted a reversed-seed analysis and quantified source leakage through estimating the modulation of gamma-band activity in posterior medial parietal cortex by the phase of alpha activity for each grid point in source space. We hypothesized that if thalamic alpha activity would be contaminated by activity from nonthalamic sources, alpha-gamma PAC would occur in voxels located outside of the thalamus and the posterior medial parietal cortex.
The results of this reversed-seed region analysis revealed a strong modulation of gamma-band activity by the phase of alpha oscillations in the posterior medial parietal cortex as well as in the left thalamus (Fig. 5a, Table 3 ). In addition, we observed that the histograms of mean gamma-band amplitude values were centered at the peak of the alpha phase (0 rad) in both the parietal areas and the left thalamus (Fig. 5b) , which are similar to the results when the thalamus was used as a seed (Fig. 4c,d ).
Spatial leakage
To assess the influence of spatial leakage, we measured the extent to which spatial filters in the thalamus may have been contaminated by activity from nonthalamic sources by measuring the correlation between the spatial filters used to estimate thalamic activity and the spatial filters used to estimate source activity at each grid point in source space. This approach allowed us to quantify to which extent the spatial filters used to reconstruct activity in the thalamus were influenced by activity coming from other potential nonthalamic sources of alpha activity. We found that overall there was a weak correlation between thalamic and nonthalamic spatial filters in posterior medial parietal cortex (right parietal cortex: r ϭ 0.003, SD ϭ 0.1, p ϭ 0.22, SD ϭ 0.11; left parietal cortex: r ϭ 0.02, SD ϭ 0.06, p ϭ 0.2, SD ϭ 0.17; Fig. 6 ).
Discussion
The goal of the present study was to examine the relationship between thalamic alpha oscillations and neocortical gamma-band activity in resting-state MEG recordings. The thalamus has been involved in the regulation of information transmission to the cortex via the modulation of response magnitude, firing mode, and synchrony of neurons (Saalmann and Kastner, 2009) . Alpha oscillations are a prominent feature of electrophysiological resting state recordings in humans (Berger, 1929; Adrian and Matthews, 1934) and have been linked with phasic inhibition (Klimesch et al., 2007; Osipova et al., 2008; Jensen and Mazaheri, 2010; Dugué et al., 2011; Scheeringa et al., 2011) , which could be an effective mechanism to regulate the output of cortical networks . However, it remains currently unclear if thalamic alpha oscillations could modulate cortical gamma-band activity. , we observed that local gamma-band activity was coupled to the phase of the alpha-band rhythm, which was most pronounced over the visual cortex, suggesting that fluctuations of broadband gamma-band activity are linked to the phase of the alpha cycle. Moreover, source-space wide testing of PAC revealed that fluctuations of gamma-band activity in the visual cortex were greatest near the trough of local alpha activity.
In contrast, TC alpha-gamma coupling became significant only in posterior medial parietal cortex where cortical gamma-band activity was greatest at the peak of the thalamic alpha rhythm. Recent findings from intracranial recordings in nonhuman primates suggest that gamma-band activity is differentially entrained by the phase of independent alpha oscillations in granular and infragranular layers (Spaak et al., 2012) , which are characterized by a polarity inversion across layers in the current source density profile (Bollimunta et al., 2008; Spaak et al., 2012) . From this perspective, layer-dependent phase relationships may account for the differential modulation of gamma-band activity in the visual cortex and the posterior medial parietal cortex in the present study.
Importantly, TE analysis revealed significant and directed information transfer from the thalamus to posterior medial parietal cortex with TC conduction latencies of 12.5-19.8 ms, which are in agreement with previously reported TC delays (Lopes da Silva et al., 1980) . Specifically, Lopes da Silva et al. (1980) have reported conduction delays between the pulvinar and the visual cortex, which were ϳ15-21 ms. Thus, the results of the TE analysis suggest that the TC alpha-gamma coupling could reflect physiological meaningful information transfer and not simple volume conduction.
To further substantiate this possibility, we used a reversedseed region analysis and tested our spatial filters for signal leak- age. The results show that (1) thalamic activity is not related to spurious signal leakage from cortical sources and that (2) TC interactions can be reconstructed from seed regions in both thalamic and parietal regions, which further validates the robustness of the reconstructed TC-interactions.
Phasic inhibition and default mode network
Our data are in line with recent experimental studies and theoretical models of TC alpha oscillations, which highlight the impact of thalamic activity on neocortical networks (Lorincz et al., 2009; Saalmann et al., 2012; Vijayan and Kopell, 2012) . Specifically, data from electrophysiological in vitro recordings and computational models of TC circuits show that during strong phasic inhibition the spiking of relay-mode neurons and pyramidal cells are entrained by the phase of the alpha cycle (Lorincz et al., 2009; Vijayan and Kopell, 2012) . In agreement with previous findings, which have related alpha oscillations with fluctuations of cortical excitability (Lorincz et al., 2009; Dugué et al., 2011; Haegens et al., 2011; Scheeringa et al., 2011) Figure 4 with the exception that the histograms are based on phase estimates of alpha activity in the left and right parietal cortex (top) and left thalamus (bottom). Raichle Raichle and Snyder, 2007) . This hypothesis is supported by functional MRI (fMRI) and combined electroencephalographic/fMRI studies, which demonstrate that during the eyesclosed resting state alpha power in the visual cortex is associated with a reduced functional connectivity between the visual cortex and the thalamus (Scheeringa et al., 2012) , whereas functional connectivity between the thalamus and the posterior medial parietal cortex is enhanced (Gur et al., 1995) . Similarly, our data show that alpha power in the visual cortex was enhanced as compared with alpha power in the posterior medial parietal cortex, thereby suggesting that the difference in alpha power could reflect a reduction in functional connectivity between visual areas and the thalamus during the absence of visual input.
Methodological implications
The current data highlight the possibility that MEG may be suitable to identify modulatory interactions within TC-networks. However, because magnetic fields decay rapidly with increasing distance, source localization of subcortical activity in MEG recordings remains challenging. So far, most electrophysiological experiments in humans involving subcortical structures are conducted in surgical patients (Cohen et al., 2009; Axmacher et al., 2010; Staudigl et al., 2012; Fitzgerald et al., 2013) . A limited number of MEG studies, nevertheless, have reported on thalamic and other subcortical sources (Ribary et al., 1991; Tesche, 1996a,b; Gross et al., 2001; Bish et al., 2004 , Jerbi et al., 2007 Lou et al., 2010; Poch et al., 2011; Balderston et al., 2013) . The present study suggests a relationship between the phase of thalamic alpha and cortical gamma-band activity in MEG-recorded resting-state networks. Importantly, our main finding of a modulation of gamma-band power in parietal cortex through the phase of alpha-band oscillations in thalamus is supported by the close correspondence between TC-conduction latencies in our data and previous evidence from electrophysiological recordings (Lopes da Silva et al., 1980) . Furthermore, anatomical studies have shown that several nuclei, such as the LGN and the thalamic reticular nucleus are composed of pyramidal cells, which have a longitudinal (anterior-posterior) dendritic architecture (Yelnik et al., 1984) that could contribute to the generation of tangential fields, which are measured by MEG (Ahlfors et al., 2010) . In agreement with these findings, stimulation studies indicate that thalamic fields may achieve up to 21% (25 fT) of the total field strength produced by cortical sources (120 fT; Attal et al., 2007) . Crucially, Attal et al. (2007) demonstrated that thalamic generators of oscillatory activity at alpha frequencies can be identified from 30 s long segments of eyes-closed resting-state recordings.
Moreover, recent modeling studies support this possibility through highlighting that MEG signals are particularly sensitive to rhythmic activity generated in the TC core pathway as compared with the TC matrix pathway (Bonjean et al., 2012) . The TC core pathway connects the principal sensory nuclei as well as the pulvinar with the cortex through densely organized afferents fibers, which terminate in specifically localized zones (deep layers III and layer IV; Jones, 2002) . Accordingly, one possible interpretation is that either the LGN or the pulvinar contribute to modulate gamma-band activity in the posterior medial parietal cortex through coherent alpha oscillations via the TC core pathway. This interpretation is supported by our observation of enhanced phase synchronization between the thalamus and posterior medial parietal regions, suggesting that coherent alpha generators in both regions contribute to the modulation of gamma-band activity in the posterior medial parietal cortex.
One limitation of the present study is the spatial resolution of the MEG method, which is in the centimeter range and therefore does not allow inferences about specific thalamic nuclei. Moreover, the left lateralization of thalamic MI values revealed by the reversed-seed region analysis may reflect the activity of a merged thalamic source as beamforming will tend to merge two spatially separated sources into a single source if the geometrical distance between both sources is Ͻ3 cm (Van Veen et al., 1997) .
Summary
Despite these limitations, the current study provides a first step towards the noninvasive detection of TC interactions with MEG. To further validate the present findings, further studies are required using invasive electrophysiological recordings to identify the role of thalamic nuclei such as the LGN (Lorincz et al., 2009) and the pulvinar (Lopes da Silva et al., 1980; Saalmann et al., 2012) in the generation of alpha oscillations and the modulation of cortical gamma-band activity.
The thalamus forms densely connected networks with many neocortical regions (Sherman and Guillery, 2000; Saalmann and Kastner, 2009) . Source imaging of the thalamus with noninvasive techniques may thus provide important insights into the role of the thalamus in the context of cognitive tasks. Furthermore, if MEG proves to be capable of monitoring thalamic activity, it may have important clinical implications, as TC dysfunctions have been centrally involved in the pathophysiology of several severe psychiatric disorders, such as schizophrenia (O'Donnell and Grace, 1998; Pinault, 2011) .
